We describe highly sensitive, label-free, real time detection of the biomarker CA19-9 using microarray biosensors based on total internal reflection imaging ellipsometry (TIRIE), in which anti-CA19-9 is immobilized onto the PEGylated phospholipid membrane. Strong resistance against non-specific adsorption of PEGylated lipid membrane allows direct serum assay without the blocking agent. We find that PEG density has an influence on antibody assembly and only a proper amount of PEG is appropriate for antigen binding. Two different methods for antibody assembly are compared and finally protein A is preferred due to its higher protein binding efficiency. The estimated detection limit of CA19-9 is 18.2 U/ml, which is lower than the cut-off value for normal level (37 U/ml). Regression analysis between the results of microarray biosensor and electrochemiluminescence immunoassay (ECLIA) suggests a high correlation (R = 0.989). The capability for real-time monitoring of tumor marker with high sensitivity and selectivity in clinically relevant samples opens up substantial possibilities for early cancer diagnosis and treatment.
Introduction
As popular awareness of the importance of cancer early detection increases, the devices and methods which can perform quick and accurate tumor markers detection are becoming more and more compelling. Microarray biosensor with multiple advantages, such as low sample consumption, fast response time and high throughput, [1] [2] [3] [4] appears to be a promising alternative. A novel microarray biosensor based on total internal reflection imaging ellipsometry (TIRIE) was recently developed for kinetic measurement of biomolecular interaction, which is integrated by imaging ellipsometer and microfluidic reactor system [5, 6] . Compared with traditional imaging ellipsometry, TIRIE has higher phase sensitivity since it applies an evanescent wave as optical probe to detect the biomolecular adsorption and interaction process [7] . The use of evanescent field makes real time measurements not be disturbed by refractive index non-uniformity of solution. Besides, with the help of microfluidic system, multiple biomolecular interactions can be measured at the same time.
Unfortunately, non-specific adsorption of biomolecules is a persistent challenge in microfluidic biosensors [8] . A variety of non-fouling materials have been synthesized during the past decades and some of them have been successfully applied worldwide, such as poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) [9] [10] [11] [12] . Supported phospholipid membrane has also shown good validity in preventing protein adsorption [13] [14] [15] . With its self-assembly property, flexibility and two-dimensional fluidity, phospholipid membranes have promising applications in the study of membrane proteins or ion channels [16] . However, few model lipid bilayers, to our knowledge, are used for assembling nonmembrane proteins [17] .
CA19-9 is a carbohydrate tumor-associated antigen which is originally isolated from a hybridoma [18] . Although guidelines from the American Society of Clinical Oncology discourage the use of CA19-9 as a test for cancer, especially for pancreatic cancer (because increased levels of CA19-9 are also found in non-malignant conditions [19] [20] [21] [22] [23] ), it can still be used to see whether a pancreatic tumor is secreting it; if that is the case, then the levels should fall when the tumor is treated, and they may rise again if the disease recurs [24] [25] [26] . Presently, the clinical measurement of CA19-9 mainly depends on electrochemiluminescent immunoassay (ECLIA) [27, 28] broader detection range, the method still has a few technical problems including multiple reaction steps, time-consuming and certain possibility of false results due to nonspecific adsorption. In this article, monoclonal antibodies of CA19-9 were immobilized onto lipid membrane surface for CA19-9 detection. The flow chart is shown in Fig. 1 . The system performance of the microarray biosensor based on TIRIE was tested for the determination of CA19-9 level in human serum samples and the results were compared with the conventional ECLIA. CA19-9 and anti-CA19-9 were obtained from Shanghai LincBio Science Co. Ltd. Protein A (from Staphylococcus aureus), rabbit IgG, human serum albumin and fibrinogen were from Sigma. N-Hydroxysuccinimide (NHS) and N-ethyl-N -(3-diethylaminopropyl) carbodiimide (EDC) were from Acros. LMW chitosan (Mr: ∼10,000, ∼85% deactylation) was from Jinan Haidebei Marine Bioengineering Co. Milli-Q ultrapure water with a resistivity ∼18 M cm (Millipore, Molsheim, France) was used for all the solutions. Other chemicals used were of analytical grade or better.
Substrate preparation
The SF10 glass slide was used as substrate and was prepared by the evaporation of 2 nm of chromium followed by 30 nm of gold. Gold coated glass slides were all pre-cleaned with piranha solution (98%H 2 SO 4 :30%H 2 O 2 = 3:1, v/v). After the immersion of the gold coated glass slides into the chitosan solution (10 mg/ml) for at least 1 h, chitosan will spontaneously absorb onto the surface. The slides were stored at 4 • C after ultrapure water rinsing and nitrogen gas drying.
Phospholipid membrane formation
The microfluidic reactor developed in our laboratory was used to fabricate microarray on the solid surface. Phospholipid membrane was formed by small unilamellar vesicles (SUVs) adsorption and rupture on the chitosan coated gold surface. Preparation of SUVs was carried out via the extrusion method [29] . Vesicles solution was stored at 4 • C until use. 10 l of vesicles was introduced into each chamber at 1 l/min followed by rinsing with water (10 l/min, 10 min, same for below rinsing procedure) to remove excess vesicles.
Proteins binding on phospholipid membrane
In order to couple proteins by their amino groups, NHS/EDC was used to activate carboxylic group of PEG on the membrane surface. 25 l of NHS and EDC (50 mM/200 mM) mixture was pumped across the membrane surface at 3 l/min, followed immediately by an injection of 20 l anti-CA19-9 (0.1 mg/ml, pH 7.4 with low salt strength) at 1 l/min. Phosphate buffered saline (PBS) (pH 7.4) was used to remove those non-specific adsorbed proteins and ultrapure water was used to wash off ions. Residual NHS esters were inactivated by further injection of 20 l ethanolamine chloride [30] (1 M, pH 8.5) at 5 l/min. 20 l CA19-9 was added with a flow rate of 1 l/min followed by PBS and ultrapure water washing.
Protein A, which has specific interaction with the Fc constant region of IgG molecules, was also used to antibody site-oriented coupling. After NHS/EDC activation, 20 l protein A (0.1 mg/ml, pH 4.5) was injected. After using ethanolamine chloride to deactivate residual NHS esters, 20 l anti-CA19-9 (0.1 mg/ml, pH 7.4) was pumped at 1 l/min. PBS was used to remove those non-specific adsorbed proteins. Finally 20 l CA19-9 or serum was pumped at 1 l/min followed by PBS and ultrapure water washing.
CA19-9 detection
Pure CA19-9 antigen was diluted with PBS into a series of ladder solutions to establish a dose-response curve. Data analysis and curve fitting were performed with four-parameter logistic function fitting.
Serum collected from 25 patients who were diagnosed with gastric cancer, colorectal cancer and liver cancer (The sample collection took place in Shandong Cancer Hospital. Written informed consent was obtained from each subject) were stored at −70 • C. Frozen serum samples were thawed on ice and spun at 2000 rpm for 5 min at 4 • C before the assay. The ECLIA measurement of CA19-9 in patient serum was carried out using CA19-9 immunoassay Kits (Roche Elecsys 2010). All of ECLIA operations were performed in the Institute of Materia Medica, Shandong Academy of Medical Science.
Sensitivity, selectivity and reproducibility
Sensitivity or the minimum detection limit was determined by adding three standard deviations to the mean grayscale values of 10 zero standard duplicates. Selectivity was assessed by cross-reaction with the mixture of IgG, HSA and fibrinogen (0.1 mg/ml for each protein). Intra-slide variation was calculated as the mean coefficient of variation (CV) of six duplicate spots for CA19-9 detection (37 U/ml), averaged from three slides. For the assessment of interslide variation the CV between mean signals on three replicate slides was calculated.
Total internal reflection imaging ellipsometry (TIRIE)
The principle of TIRIE can be found elsewhere [31, 32] and a schematic diagram of the TIRIE biosensor setup is shown in Fig. 1e . The TIRIE biosensor is a coupling of the optical system and a microfluidic protein reactor array system by a prism [5, 6] . The optical system is an imaging ellipsometer with a light source of Xe lamp and a wavelength 633 nm. The incident light beam goes through the polarizer, the compensator and the 59 • prism where the evanescent wave is used as optical probe to detect the protein adsorption and interaction process. Gold coated glass slide as substrate tightly contact the prism with an index matching liquid (refractive index n = 1.73). The incident light beam is reflected at the interface between the substrate and the tested solution and then passes through the analyzer and is focused on a sensing area of the charge coupled device (CCD) camera. The image signal corresponding to the biomolecular mass surface concentration distribution is recorded in 16-bit (0-65,536) grayscale format in a computer for further analysis. A microfluidic reactor array generated by soft lithography is attached to the substrate surface to form a 24 independent cell array. Each cell has its own inlet and outlet for solution delivery by a peristaltic pump. Sample consumption of each cell can be as little as 150 nl. Fig. 1f shows the schematic view of TIRIE and a real imaging photo. After analyzing the photos captured in timelapse mode during bimolecular interaction, the kinetic changes of grayscale values against the time can be presented as a curve. The information of biomolecular interaction is obtained by analyzing the real-time process.
Result and discussion

Serum resistance of phospholipid membrane
Nonspecific adsorption is expected to limit the sensitivity of biosensors when used for the estimation of specific analytes in serum. As a result, blocking agents [33, 34] (e.g., bovine serum albumin, casein and detergents) are necessary to help reduce non-specific protein adsorption. Here, we would like to introduce PEGylated phospholipid membrane self-assembled on the biosensor surface in serum biomarker detection without using blocking agent. Serum resistance of phospholipid membrane was thereupon firstly examined by TIRIE. From the dynamic TIRIE curves of phospholipid membrane reacting with serum, signal increase caused by serum adsorption can be reduced back to the original stage after PBS rinsing, which is shown in Fig. 2A and Table 1 . It is worth noting that the signal recovery increases with increasing content of PEG. High density PEG brush floating on the membrane surface can prevent adsorption of serum macromolecules, and smaller molecules can come close to those membranes lacking enough PEG shielding and be trapped within spaces among PEG mushroom [35, 36] , but their signal recovery ratios after serum exposing and buffer washing are almost 100%.
Antibody binding on phospholipid membrane
We have examined protein assembly efficiency of membranes containing three different molar contents of PEG, which were 1.5 mol%, 3 mol% and 5 mol%. Interestingly, grayscales addition of membranes after protein binding is not improved while the molar fraction of PEG increases (Fig. 2B) . It is not difficult to understand that too low level of PEG is neither enough for nonspecific adsorption resistance, nor for protein assembly. In contrast, too much PEG maintains a strong ability against nonspecific adsorption, but it may hinder the attachment of proteins, due to the increased hydration repulsion.
Furthermore, as an improvement, protein A is also used for antibody immobilization on the membrane, which ensures that the binding site of the immobilized antibody remains accessible for antigen binding [37] . Table 2 is the comparison of two antibody immobilization methods. Despite the signal addition of antibody immobilized on protein A is lower, the final grayscales addition after reaction with the same antigen is doubled compared with direct antibody binding, which suggests that oriented and bioaffinity immobilization strategy works better in our system. Patel et al. [38] who assessed the effect of the accessibility of terminal carboxylated groups of SAMs on the reaction with NHS and the immobilization of the protein catalase, reported the ordered arrangement of the homogeneous SAM would sterically hinder the interaction with proteins, while with increased disorder the terminal carboxylated groups are more accessible for immobilization. The PEG chains employed here were linked to a two dimensionally fluid phospholipid bilayers, rather than grafted at fixed locations on the surface. Thus, the polymer chains are more flexible and able to reorganize to accommodate incoming protein molecules.
Dose-response analysis
A dose-response curve shown in Fig. 2C , where the grayscale value is plotted against the concentration of CA19- Table 2 Comparison of grayscales changes under two different protein immobilization strategies.
Immobilization strategies Grayscales
Anti-CA19-9 coupling CA19-9 binding 
Sensitivity, selectivity and reproducibility
The sensitivity was determined using five-fold serial diluted samples representing CA19-9 as a reference for zero standard measurement. The mean value of grayscale change determined by ten zero standard replicates was 10.4, and the minimum detection limit of CA19-9 was as low as 18.2 U/ml (S/N = 3), which is lower than the cut-off value for normal level (<37 U/ml) [39] . We believe the detection limit can still be lowered through further machine updating and parameters optimization.
The effect of substances that might interfere with the response of the biosensor was also studied. A mixture of human IgG, albumin and fibrinogen was used to test the selectivity of the biosensor system for CA19-9. The grayscale change of the mixture after PBS washing was much lower than the detection limit of CA19-9. (Fig. 2D ) These results suggested that the system was specific to CA19-9.
Inter-slide precision was determined by calculating the CV of three duplicate reactions with the same sample (37 U/ml CA19-9), while a measure for intra-slide precision was the CV of six spots within one slide, averaged from three slides. CV values calculated for intra-slide and inter-slide were 9.7% and 18.8% separately, indicating the method has good reproducibility.
Determination of CA19-9 in serum and comparison with ECLIA
The analysis of CA19-9 using microarray biosensor based on TIRIE and ECLIA techniques were done on the same serum samples. Totally 15 serum samples were analyzed (Fig. 3A) and the concentrations were found in the range of 6.64-1020.51 U/ml. Comparisons between the two analysis techniques were done by the regression line method (shown in Fig. 3B ). The regression equation of the concentration of CA19-9 obtained from the TIRIE (y) and ECLIA (x) is y = 1.008x − 2.123, with a correlation coefficient of 0.989. Thus, there is no evidence for systematic differences between the two methods.
Conclusion
In order to avoid nonspecific adsorption during serum biomarker analysis, PEGylated phospholipid membrane is developed and applied as surface modification for biosensors based on TIRIE. Taking advantage of such an inert surface, our microarray biosensor demonstrates a promising serum tumor marker measurement without pre-treatment or dilution. Compared with conventional ECLIA, our assay is performed in real time and direct detection for serum biomarkers is also realized with high sensitivity and acceptable selectivity. In conclusion, with PEGylated phospholipid membrane, microarray biosensor based on TIRIE provides apparent advantages and exhibits potential in early cancer screening and immunological assays.
